a valentin@nanofocus.de, b weber@nanofocus.de, c brodmann@nanofocus.de, c alastair.sharp@systegration.ltd.uk Abstract. The measurement and evaluation of sheet metal surface characteristics is of increasing importance, due to the significant functional impact on finishing processes like forming and varnishing. For a comprehensive and useful description of textured topographies including nonstatistical characteristics, a simple profile evaluation based on 2D roughness parameters is no longer sufficient. The introduction of area-imaging white light confocal microscopy offers, in contrast to tactile profiling methods of comparable accuracy, the clear advantage of contact-free and extremely fast 3D data capture. The capabilities and benefits of this technology in interaction with sophisticated 3D area analysis methods are demonstrated by measurement examples of sheet metal and roller surfaces. A newly-developed mobile confocal measurement system for direct roller measurements is introduced.
Introduction
The Automotive industry has become the most important market for processed and uncoated sheet metal. In this context, the surface topography of sheet metal is an essential product feature in relation to quality.
For lacquering, good adhesion is desired. Furthermore, the visual appearance is of great importance to the customer. Of particular importance are long wave interference and the so called "orange-peel effect", which can be easily noticed and worsens the impression of the product quality.
The forming behaviour, especially for high-speed deep drawing machines is critically determined by the surface. Application studies have proved the functional correlation between deep drawing capability and micro-topography [1] . For that reason the further development of new texturing technologies for roller surfaces is still a continuing process.
In the past, well-defined metrological quantification of three-dimensional surface characteristics was difficult, because of the lack of appropriate measurement instruments on the one hand but also the absence of international standards for three-dimensional surface characterisation on the other hand. Actual ISO standards are basically related to two-dimensional roughness values measured with a tactile profilometer [2] .
Capabilities and limitations of current measurement techniques
Line scanning devices. Mechanical tactile profilometers, markedly preferred for roughness control in industry, are limited to line profiles. Due to the fact that the functional behaviour of sheet metal surfaces is mostly determined by topological characteristics which are distributed over the area, line profiling methods are not, in this case, a sufficient measurement tool. Typical examples for 3Dcharacteristics are lubricant pockets in the sheet metal surface, which should be created by roller texturing [3] .
Moreover, it is known that artificially created deterministic rough surfaces (e.g. LaserTex sheet metal) can show anisotropic behaviour of roughness values in different measurement directions [4] .
The use of tactile or optical two-axis area scanning profilometers have the big disadvantage of extremely long measurement times, which, for the lateral resolution usually necessary, is in the order of hours. Moreover, symmetry-breaking artefacts can be caused by different physical lateral accuracy in both scanning directions. Area scanning devices. The principal advantage of contact-free, optical imaging techniques is fast and direct area-based height data capture. Whereas interferometric devices are specialised for measurement of smooth surfaces (e.g. wafers), confocal microscopy has proved its worth in precision engineering applications dealing with complex and technical rough topographies [5, 6] . Typical examples in the automotive industry are the surface measurement of motor cylinder walls [7] , or the analysis of wear on tools or bearings [8, 9] . The accuracy of the instrument is also regularly checked with depth and roughness ISO standards [10] and shows a good correspondence of confocal to tactile measured height values.
In contrast to raster electron microscopy (REM), which is limited to laboratory use and also requires time-consuming preparation of specimens, confocal microscopy allows direct quantitative evaluation of the result. Fig. 1 shows several confocal height results with different magnifications as photo-realistic 3D representations, and a corresponding REM image of an EDT-textured roller surface. Measurement times are typically in the order of seconds (see Table 1 ) and ensure high throughput of specimens. 
Fundamentals of confocal microscopy
The basic principle of the 3D confocal white light microscope is based on the increasing depth discrimination of a common optical microscope [11] , using a multiplicity of pinholes as a spatial filter (see Fig. 2b ). In order to achieve a simultaneous measurement of the three-dimensional topography, a spinning disc with a spiral-shaped arrangement of pinholes (Nipkowdisk) is placed at the intermediate image plane instead of one single pinhole. If the specimen is moved out of focus, a partial suppression of the signal will result (see Fig. 3 ). A more detailed theory on confocal microscopy has been published by Wilson [12] . The detector's intensity effect on height I(z) is shown as follows [13] :
α being the angle of the numerical aperture NA=sin(α) of the objective and λ π 2 = k the wave number. The full width half maximum (FWHM) of the major intensity peak, which is scanned by the confocal sensor, is defined as
As depicted in Fig. 2a , in particular with objective lenses of higher numerical aperture (NA), the minimum full width half maximum of the intensity (FWHM) is clearly better than that of white light interferometers.
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Technical properties of the confocal microscope
The confocal microscope NanoFocus µSurf employs a progressive-scan CCD as the detector to acquire nanometre-precise measurements of surface areas with up to 1,024 x 1,024 measured points per image. A Xenon white-light source, which is connected to the sensor head with a liquid light guide, is used for illumination. The 3D height information is acquired through precise movement of the objective and a calculation of the position of the intensity maxima. respect to roughness parameters according to DIN/ISO standards and also sophisticated 3D area analysis methods. The newly-developed mobile measurement system (Fig. 4a ), which has been basically designed for measurements on roller surfaces, is technically based on the standard laboratory system (Fig.  4b) . Due to the environmental requirement for a minimal vibration sensitivity and therefore a small elevation of the sensor head above the roller, the microscope tube uses an optics with a 90-degree deflection. A motorized two-axis table, which is integrated into the measurement head, allows the stitching of measurements up to a total area of. 50 X 50 mm. For the stitching along the curved radial direction of the roller, an additional motorized z-stage automatically readjusts the vertical measurement position by means of a computer-controlled focus detection algorithm.
The flexible cable joint between the measurement head and the controller unit has a length of about 5 m. The overall weight of the head is 12 kg. The controller box is designed as a compact movable container including all electronics, monitor and keyboard and has enough space for the measurement head during the transport.
Beyond measurements on rollers, the mobile system can also be used for the surface inspection of large and heavy components which are difficult to transport, e.g. car bodies and large metal sheets. 160s/l, 320s/l, 800s/l, 1600s
Measurements on sheet metal surfaces
In the following two sheet metal samples are to be examined, to each of which a special surface structure was transferred by using differently structured rollers. Both kinds of sheet metal are used as raw material for building car bodies in the automobile industry. First, a commercially available shot blasted (SBT) sheet metal is studied. A characteristic area of about 320 x 320µm (Objective 320s) is measured with a resolution of 512 x 512 pixels. Fig. 5a shows the light intensity distribution of the sample area obtained from the average of the confocal sections. The topography shows a coarse structure with valleys about 100µm long, about 30-50µm wide and with a maximum depth of 8µm. The steep edges visible here can only be anticipated in the intensity image.
In addition to the valleys and the plateaus, the three-dimensional view of the sample topography in Fig. 5c also visualizes several small craters with a diameter of a few microns. 
Quantitative 3D analysis
For the subsequent quantitative characterisation, 9 neighbouring images in a 3x3 format were taken with the 800s objective and combined to a resulting image with a size of 2.1 x 2.1 mm (1,368 x 1,368 pixels), see Fig. 7 . In spite of the significant topographical differences, the arithmetical roughness coefficient, S a, and the quadratic roughness, S q, are similar for both metal sheets (Sa = 1.47 µm ± 3%, Sq = 1.86 µm ± 2%). By means of common roughness parameters, it seems not to be possible to characterise the obvious differences between both topographies. The median peak number, R pc, for the Pretex® metal sheet exceeds 65 cm -1 and is approximately two times higher than the value for the SBT textured metal sheet. It has to be noticed, that those values show larger local variations.
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Sheet Metal 2005 An additional area analysis [14] is able to determine some main differences between the metal sheets with more stable parameters, e.g. the closed void area ratio, α cl, und the closed void volume, V cl , see Fig. 8 . With increasing penetration, the closed void area ratio reaches a maximum value, α clm , which is characteristic for the topography of the surface. The maximum open void ratio of the Pretex® metal sheet is α clm = 32.7%, while it is 24.8% for the shot-blast structure. Also, the closed void volume of the Pretex® metal sheet (V cl = 711 mm 3 /m 2 ) is clearly larger than that of the shot-blast metal sheet (538 mm 3 /m 2 ). These values give the first hints to the size of the hydrodynamic and hydrostatic lipid volumes and can, with the material area ratios, give some hints to the transforming behaviour.
Summary
As demonstrated by measurements on different micro-structured sheet metal surfaces, confocal microscopy is a powerful, fast and accurate method for non-contact surface metrology. Moreover, the application of sophisticated 3D area analysis methods result in a quantification of functional surface characteristics, which can not be described by standard 2D roughness parameters. The new mobile confocal system allows a direct measurement of the roller surface near to the production line and helps to detect changes of the surface quality at an early stage.
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